Abstract-We fabricated and characterized a low thermal conductance transition edge sensor (TES). The device is based on a superconducting Ti/Au bilayer deposited on a suspended SiN membrane. The critical temperature of the device is 155 mK. The low thermal conductance is realized by using narrow SiN ring-like supporting structures. All measurements were performed having the device in a light-tight box, which to a great extent eliminates the loading of the background radiation. We measured the current-voltage (IV) characteristics of the device in different bath temperatures and determine the thermal conductance to be equal to 1.66 pW/K. This value corresponds to a noise equivalent power (NEP) of . The current noise and complex impedance are also measured at different bias points at 25 mK bath temperature. The measured electrical (dark) NEP is , which is about a factor of 2 higher than what is expected from the thermal conductance that comes out of the IV curves analysis. We also measured the complex impedance of the same device at several bias points. Fitting a simple first order thermal-electrical model to the measured data, we find an effective time constant of about 62 and a thermal capacity of 3 fJ/K.
Transition Edge Sensors (TES) Using a Low-G Spider-Web-Like SiN Supporting Structure bands covering the wavelength ranges: 35-60 , 60-110 , and . The loading in these bands is estimated to be dominated by emission from the Zodiacal light at a level of 0.3-1 fW [2] . This gives a photon noise equivalent power (NEP) at the detectors of . We require detectors with electrical NEP at least 3 times lower than the photon noise limit, i.e.
. This sensitivity is about 2 orders of magnitude higher than what is required for detectors on a ground based telescope, imposing a great challenge on the detector technology. The requirement for the response time of the detectors for SAFARI is set to by the maximum scanning speed of the FTS mechanism and the downlink bandwidth.
A transition edge sensor (TES) is the selected detector technology for the SAFARI. Silicon nitride suspended structures (although not for TES) were originally developed for groundbased mm-wave observations and have been used in a large number of ground-based and sub-orbital experiments [3] [4] [5] [6] . Silicon nitride suspended structures were used in the Herschel-SPIRE [7] and the Planck space observatory [8] . All of the detectors in these instruments use bolometer chips that are bonded to the silicon nitride membranes in a hybrid process [9] , [10] . More recently, a number of groups have developed bolometers incorporating silicon nitride thermal isolation combined with TES bolometers (see [11] and references therein). Such detectors together with SQUID multiplexed readout are currently used in a number of ground-based and balloon-borne instruments such as SCUBA2, APEX-SZ, EBEX and SPIDER.
In collaboration with a European TES team, SRON is developing low thermal conductance TES bolometers for SAFARI. These devices are based on Ti/Au superconducting bilayer as sensitive element on a suspended silicon nitride membrane.
Previously we reported measurements of a single pixel TES using long straight legs [12] . Also the optical test of a similar TES integrated with an absorber was reported [13] , where the radiation is coupled to the detector using a conical horn. In order to achieve very low thermal conductance we needed to use 4 very long legs of about 1800
. This makes the detector size rather large and therefore not suitable for making arrays with required pixel pitch size for the SAFARI. In the current design the TES is supported by ring structures that allows for making a low-G device in much smaller space. Besides, an array of 5 5 of these detectors was fabricated with required SAFARI short wavelength pitch size that is 480 . Here we present the details of the detector design and electrical (dark) characterization, including IVs, noise, complex impedance data and the analysis. II. TES DESIGN Fig. 1 shows the conceptual design of a TES with ring-like supporting structure. The central island is where the TES and the absorber are located. The low thermal conductance is provided by several SiN rings that are connected by number of spokes. The color code represents the temperature that is the outcome of finite element method simulation of his structure with red being the warmest at the island and the blue the coldest at the bath temperature.
If we consider the ends of each spoke as temperature nodes, there are 4 equal paths between each temperature level in Fig. 1 . Between the rings it is just the length of the spokes and from spoke to spoke there are two equal arcs.
We can generalize this to any number of spokes between the rings and any number of rings. The effective length of each path to the base temperature can be written as: (1) where is number of rings, is the spacing between rings, is the width of spokes and rings, is the number of spokes between the rings and is radius of central island. We can estimate the heat conductance of such devices by comparing them with previous ones with straight leg design [12] , [13] .
III. TES DEVICE
The device under test is based on Ti/Au (16/60 nm) bilayer, deposited on 1 thick suspended SiN membrane. The TES area is and the critical temperature is 155 mK. In order to be able to test this device optically (not reported here), we have an absorber close to the TES, which is an 8 nm thick Ta with an area of . The absorber and the TES are sitting on a SiN island. Fig. 2 shows a picture of the device. The SiN supporting structure consists of 12 rings, each 4 wide that are placed 10 apart. Each ring is connected to the adjacent rings with 4 spokes. The electrical contact to the bolometer is realized by 90 nm thick, 3 wide, Nb wiring on the top of SiN structure. Our design target was a thermal conductance of about 1.26 pW/K that corresponds to an NEP of , taking only the phonon noise into account.
This device is one of the pixels in an array of 5 5 with a pitch size of 480 , which is required by the SAFARI short wavelength focal plane array. The effective length of a leg is 1008 . Obviously a straight leg detector with such a long leg does not fit into the required pitch size. of 10 devices on such an array are measured and show less than 3% variation.
This devices was clearly not designed to meet the outmost sensitivity requirement for SAFARI. It is an intermediate step to demonstrate the technology of the TES with supporting ringlike structure and at the same time investigate the scalability by fabricating a small array.
IV. CURRENT-VOLTAGE CHARACTERISTICS
The detector is tested using a Kelvinox dilution fridge that is able to cool it down to 16 mK. The detector is mounted in a light tight box, which is designed to minimize the background loading due to possible stray light. The electrical wiring into this box goes through a meander path that is filled with Stycast mixed with SiC grains. We estimate the power leakage to the box to be below 1 fW, which is relatively low compared to our power levels in the IV measurement (see Fig. 4 ). Therefore, we are confident that the outcome of our IV test is quite dark and therefore reliable.
The biasing is done by using a current source in parallel with 5 shunt resistance that simulates a voltage bias. The current in the TES is read out using a SQUID with a closed flux locked loop. Fig. 3 shows a set of measured IV curves at bath temperatures varying from 25 to 150 mK. The power in the transition at each bath temperature is almost constant. Fig. 4 shows the power level as a function of bath temperature.
The heat flow equation for a TES can be written as:
, where is the bias power applied to the TES; a constant that depends on the geometry and material properties of the supporting legs; the critical temperature of the bilayer; and the bath temperature. All parameters are known in (2) except for and , We can fit (2) to the measured data to find both values. For this device the best fit was obtain using and . The fundamental phonon noise in TES can be written as [14] :
(3) Fig. 3 . IV curves at different bath temperature.
is the current through the TES and is the voltage across the device. where is a number between 0.5 and 1 that accounts for temperature gradient along the supporting legs and in our case is about 0.5, is the Boltzmann's constant, is the temperature of the TES and is the thermal conductance between the TES and the substrate which can be written as: (4) Inserting the values from the fit in Fig. 4 gives a of 1.66 pW/K, which in turn results in an NEP of using (3). Fig. 5 shows the measured current noise spectra at several bias points in the transition at 25 mK bath temperature. The data have a frequency resolution of 2 Hz. Dividing the current noise by the responsivity yields the electrical (dark) NEP at each operating point. The responsivity at low frequency (for instance at 10 Hz) can be written as , where is the bias current, is the resistance of TES and is the Thevenin resistance in the bias circuit that is . The dark NEP at low frequency at all points in the transition is about , which is a factor of 2 higher than what we expect from the measured . We also see that there is a hump in the noise spectra around 1 kHz that grows in amplitude and frequency as we move down in the transition. The reason for this is currently under study.
V. NOISE MEASUREMENT

VI. COMPLEX IMPEDANCE MEASUREMENT
We use a 10 resistance as a noise source. This noise is amplified and then added to the dc bias. Both the input noise signal and the output of the SQUID amplifier are recorded. The complex impedance of TES can be written as: (5) where (6) Here is the resistance in series with the noise source, is the series resistance with the TES in the bias circuit, is the shunt resistance and is the inductance in the bias circuit.
is the transfer function of the signal lines that is determined experimentally. In order to calculate the from (5) and (6), we need to find and . All other parameters are known. These two can be calculated by using two equations for superconducting and normal state where is known. At the superconducting state the is simply zero and at the normal state it is the normal resistance of the TES which is 0.215 in our case. The we get in this way is 0.5 . Fig. 6 shows measured complex impedance curves at 4 different bias points in the transition at 25 mK bath temperature. In order to extract the TES parameters from the data we choose a simple, first order model that is described in great detail in [11] . In this model, the TES is seen as an isolated element with a certain heat capacity that is connected to the bath with a low heat conductance . In first order our device can be explained with this simple model especially in the low part of the transition where the complex impedance curves are very close to perfect semi-circle. In order to study these devices in greater detail more sophisticated models are needed that accounts for distributed heat conductance through the legs and extra heat capacities.
Using the electrical and thermal equations, the can be written as: (7) , where and are the impedances at zero and at very high frequency, respectively.
is the effective time constant, defined as: (8) where is the intrinsic time constant and is the low frequency loop gain that is:
. Here is the dc bias power and is the temperature of TES, which is close to in the transition. is the resistance dependence of the temperature at constant bias current. Similarly is the resistance dependence of the current at constant temperature. These two are defined as: (9) In this model and become:
By choosing the , and at every bias point, (7) is fitted to the measured data. Knowing and we derived from (11) and using that in (10), will be known. Knowing the loop gain and effective time constant and , we calculate the intrinsic time constant from (8) and since the thermal conductance is known from the IV measurement, we can estimate the thermal capacity of the device. Table I summarizes the outcome of this analysis for the TES in the transition at bias point where , which is a preferred operating point for these devices.
VII. CONCLUSION
We have fabricated and measured low thermal conductance array of TES devices as required for SPICA. We measured IV curves at different bath temperatures from 25 to 155 mK while it is mounted in a light-tight box to minimize the background load. The saturation power is 77 fW at 25 mK bath temperature. The thermal conductance extracted from the IV curves is 1.66 pW/K that corresponds to phonon noise NEP of . Our noise measurement however shows an electrical (dark) NEP of . The source of the excess noise is not clear at the moment. This device was clearly not designed to meet the outmost sensitivity, required for SA-FARI. Increasing number of rings, narrowing the width of the legs and lowering the of the device are the obvious ways of reducing the NEP further to meet the SAFARI specifications. We also need to identify the source of the excess noise and find a way to reduce it. The complex impedance data can be relatively well described by a simple, first order model. We derive a heat capacity of 3 fJ/K and an effective time constant of about 62 when the TES is biased at in the transition. The speed of the device is well below the specification for SPICA and can be further compromised by lowering the to meet the sensitivity requirement. The total heat capacitance is dominated by that of silicon nitride membrane and expected to be about 30 fJ/K. This estimation is based on heat capacity measurements done on a suspended silicon nitride membrane with a size of at 250-800 mK [15] . The reason for seeing low heat capacity 3 fJ/K in our case is not clear. More devices with different dimensions should be measured to clarify this point. For further study of low thermal conductance TES and discussion on SiN heat capacity see [16] and [17] .
